Cytochrome c oxidase is the terminal enzyme of the respiratory chain that is responsible for biological energy conversion in mitochondria and aerobic bacteria. The membrane-bound enzyme converts free energy from oxygen reduction to an electrochemical proton gradient by functioning as a redox-coupled proton pump. Although the 3D structure and functional studies have revealed proton conducting pathways in the enzyme interior, the location of proton donor and acceptor groups are not fully identified. We show here by time-resolved optical and FTIR spectroscopy combined with time-resolved electrometry that some mutant enzymes incapable of proton pumping nevertheless initiate catalysis by proton transfer to a proton-loading site. A conserved tyrosine in the so-called D-channel is identified as a potential proton donor that determines the efficiency of this reaction.
T he electrochemical proton gradient across phospholipid membranes is the primary product of biological energy transduction during oxidation of foodstuffs by oxygen, followed by the synthesis of ATP by use of this gradient. The reduction of oxygen catalyzed by cytochrome c oxidase (CcO) may be summarized as follows. Electrons from cytochrome c, located on the positively charged P-side of the membrane, are transferred via the Cu A center at the membrane surface, via heme a, to a binuclear heme/ copper (a 3 ∕Cu B ) center (BNC) at a dielectric distance d about ⅓ into the membrane ( Fig. 1A ; for reviews, see refs. [1] [2] [3] [4] . O 2 binding to the reduced BNC yields the oxygen adduct ferrousoxy intermediate (A) (Fig. 1B) , and scission of the O-O bond in A yields the P ("peroxy") intermediate. If the reaction with O 2 is started with fully reduced enzyme (R), as in this study, the P state is denoted as P R . The scission of the O-O bond requires simultaneous transfer of four electrons to O 2 . Three of these electrons are taken from the BNC itself, while the fourth is supplied by heme a (5, 6) . Protonation of the BNC in the P R state converts it into intermediate F (ferryl), and uptake of another electron and another proton yields the oxidized state O (see Fig. 1B ) (7, 8) . Two more electron and proton transfer steps convert the O state back to the reduced form, which can react with the next O 2 molecule.
Each electron transfer into the BNC is thus associated with uptake of a proton into this site from the negatively charged N-side of the membrane and is in addition coupled to translocation (pumping) of one more proton across the entire membrane (9) . Proton uptake for formation of the equivalent of water at the BNC takes place via two different pathways, the so-called D-and K-channels, whereas proton uptake for pumping is restricted to the D-channel (Fig. 1A) (2, 3, 10) .
The dual role of the D-channel has raised much experimental and computational interest (see ref. 11 ), but its intriguing properties are not yet fully understood. It starts with a conserved aspartate (D124) at the entrance and ends at a conserved glutamic acid (E278) in the middle of the dielectric (Fig. 1A) . In between, there is a column of crystallographically visible water molecules lined by an array of polar amino acid residues.
Electron transfer and proton uptake measurements (12) indicate that a block at the D-channel entrance, by converting the protonatable D124* to a nonprotonatable analogue (Asn), strongly retards the catalytic cycle beyond formation of the F intermediate. Time-resolved infrared spectroscopy (13) confirmed that in this enzyme variant the formation of F is associated with deprotonation of E278, and hence it was reasonable to assume that the proton required for the chemistry of F formation at the BNC is primarily taken from E278. However, such proton transfer, from Glu278 to the BNC, would result in a relatively small generation of electric potential due to the small difference in the relative depths of Glu278 and BNC in the membrane dielectric (∼0.12d) (14) . Surprisingly, therefore, measurements of potential generation (15) showed that formation of F in the D124N variant is accompanied by generation of considerable potential, reflecting extensive proton movement inside the protein perpendicular to the membrane.
To further investigate the reason for this unexpected observation we have applied time-resolved visible and infrared spectroscopies in combination with time-resolved electrometry to study the reaction of fully reduced CcO with dioxygen. We find that there is a previously unsuspected deprotonatable residue in the D-channel (Tyr35), which further helps to elucidate the mechanism of proton translocation and the role of the D-channel in CcO. Our observations confirm the notion (15) that the primary step of the proton-pumping mechanism, viz. proton transfer to a proton-loading site (PLS), still occurs in enzyme variants where D-channel residues have been mutated, and that fail to pump protons in multiturnover experiments.
Results
Time-Resolved Absorbance Changes. The reaction of the fully reduced CO-adduct with oxygen was initiated by a laser flash and followed by multiwavelength time-resolved optical spectroscopy. Complete surfaces of spectral changes (absorption, wavelength, time) with 1 μs time resolution between the spectra were recorded. Kinetic traces of the reaction at selected wavelengths, together with theoretical traces from a global fitting procedure by the sequential model (14, 16) , for wild-type enzyme and for two variants in which residues of the D-channel have been mutated, viz. D124N and the double mutant D124N/Y35F, are shown in Fig. 2 . An immediate absorbance jump at zero time ( Fig. 2A) corresponds to photodissociation of CO from heme a 3 to Cu B and occurs within 1 μs. The first time-resolved phase (τ ∼ 1.25 μs) has a peak at 600 nm and a trough at 615 nm and can be assigned to CO release from Cu B (17). CO dissociation is followed by the Charge Translocation. The measurements of optical changes provide information about electron transfer during the reaction but do not give specific information about proton translocation. In order to obtain details of proton translocation across the membrane we followed the reaction with oxygen by means of timeresolved electrometry, which is a sensitive probe for the determination of the distance and the rates of charge movement in the direction perpendicular to the membrane plane (16, 19) . The raw Table S1 are shown in red.
experimental traces are shown in Fig. 3A , and Fig. 3B shows the same traces after subtraction of the phase of dissipation of electric potential due to leakage across the measuring membrane after completion of the enzymatic process. The fit to the potential generation signals by the sequential reaction model (14, 16) with parameters shown in Table 1 is represented as red traces in Fig. 3 . All electrometric responses start from a lag phase that represents two initial processes: dissociation of CO from Cu B and formation of the A state. After the lag phase the potential starts to develop and can roughly be divided into a fast and a slow phase. In general, there is a clear similarity between the rates of the phases in optical and electrometric measurements. Deceleration of the catalytic cycle in the mutants is manifested in a decrease of the rate of the F to O transition measured in parallel by both methods. This effect allows us to assign the fast phase of potential generation to charge transfer in the A → P and P → F transitions and the slow phase to F → O, which correlates with previously published results (19, 20) . Due to poor separation of the electrometric response within the fast phase in wild-type enzyme and D124N, we used the rates of the A → P transitions obtained in the optical measurements for fitting, where the phases are well resolved. The amplitude of potential generation during F formation in D124N is about 40% of the wild-type response. Introduction of a second mutation of a previously unsuspected proton donor inside the D-channel, Y35, decreased the amplitude to 25%. A similar effect was also obtained after a single replacement of N131 to a valine at a site adjacent to Y35. It seems that with the latter replacement the properties of Y35 are altered in a similar way compared to the case of D124N/Y35F. The significant decrease of the amplitude of the fast phase in both D124N/Y35F and N131V mutants suggests that Y35 may indeed be a proton donor during formation of the F state in the D124N variant. To test this possibility we conducted time-resolved infrared measurements of these mutants (see below).
Infrared Spectroscopy. Time-resolved FTIR spectroscopy is a method to directly monitor protonation and deprotonation and shows two major features in the three D-channel mutants. The first is a fast absorption jump, unresolved in time, after oxygen injection and the laser pulse. This change includes all events that occur within 46 ms, which corresponds to CO photolysis and the part of the catalytic cycle undisturbed by the mutation. The second feature is the time-resolved part, which is slow enough to be resolved by the rapid-scan technique. The spectra of the two phases are shown in Fig. 4 A and C. To remove the photochemistry of CO dissociation from consideration, the CO photolysis spectrum was measured independently and subtracted from the fast phase; hence the spectra of the immediate jump on Fig. 4A represent the pure infrared spectra of all changes that occurred in the catalytic cycle prior to the block caused by the mutation. The infrared spectra of the fast (Fig. 4A ) and slow ( Fig. 4C ) transitions for the variants with blockage at the input (D124N), and in the middle (N131V and D124N/Y35F) of the D-channel are rather similar. However, by visible range spectroscopy we found that these two locations of the mutations resulted in retardation of the catalytic cycle at different states, namely at intermediates F and P, respectively. To analyze the difference between these states we constructed the difference spectra for the fast (Fig 4B) and slow (Fig. 4D ) phases between the N131V and D124N/Y35F variants relative to D124N. The spectra in Fig. 4 B and D are nearly mirror images of one another with major bands at 1,659, 1,514, 1,496, and 1;278 cm −1 . The shift at 1;514∕ 1;496 and the band at 1;278 cm −1 are both likely due to deprotonation of a tyrosine residue. For comparison, the infrared tyrosine → tyrosinate transition of a single monomeric tyrosine residue (relative to the enzyme concentration) is shown in Fig. 4B , red spectrum (21) .
The sum of the spectra of the fast and slow phases yields the spectrum of the R → O transition, which is exactly the same for the D124N and N131V variants, proving that the initial and final states are the same in the two cases despite the difference in the kinetic spectra.
Discussion
The mutations in the D-channel studied here all cause a similar overall decrease in the amplitude of potential generation during the oxidative half of the catalytic cycle (Fig 3B) . The extent of the decrease agrees well with loss of proton-pumping activity that otherwise would cause translocation of one charge equivalent each during the P → F and F → O transitions. However, the relative amplitudes of the fast and slow phases differ and depend on the position of the mutated residue in the structure. When the mutation is located at the input of the D-channel (D124N) the amplitude of the fast phase is about one half of the total, but when the mutation is near the middle of the channel the relative amplitude of the fast phase drops to about one third of total. The complete amplitude of potential generation during the full oxygen reaction of wild-type CcO corresponds to an overall translocation of 3.7 charges (22) . Thus the ratio of the amplitudes of the different phases in the mutant enzymes to the full response of the wild type can be used to estimate the amount of charge translocated during these phases (Table 1) . Our optical measurements show that the catalytic cycle of the D124N/Y35F and N131V variants is retarded after formation of the P state. This is a clear distinction from the behavior of the D124N single mutant in which the F state is formed as fast as in the wild-type enzyme. Therefore, the fast potential generation in D124N/Y35F and N131V reflect charge movement only during the first two steps of the catalytic cycle, i.e., R → A and A → P. Oxygen binding (R → A) is electroneutral and we can consequently assign the complete fast phase of potential generation in these variants to charge movement during the oxygen-oxygen bond splitting reaction (A → P). Table 2 shows that this reaction results in translocation of a single charge across an average 0.41 fraction of the membrane dielectric d. Oxygen-oxygen bond splitting requires movement of four electrons and one proton. The electrons derive from the BNC and heme a (23), but the electron transfer occurs along the membrane plane and should not create potential. The required proton is transferred from the Y280 residue (24), which is located at a distance of about 0.1d below the catalytic site, as projected on the membrane normal (see Fig. 5 ); movement of this proton is part of the charge translocation in this step. We have proposed that the remaining movement of a charge across approximately 0.31d is connected to loading of the proton pump site (15, 25) , which has been suggested to be at or near the A-propionate of heme a 3 (1). However, Lepp et al. (26) proposed that this charge separation can be due to proton transfer in the K channel. Comparison of our present potential generation data for the D124N/Y35F variant with previously published results on the E278Q mutant (24), both of which have an unaltered K-channel, shows a threefold smaller amplitude in the latter case. We conclude, therefore, that most if not all of the electrometric response in the D124N/Y35F variant is linked to the function of E278 in the D-channel and that our data do not support a significant role of the K-channel in the early oxidative phase. As shown in Fig. 5 , the fractional distance of 0.31 fits very well with the distance between E278 and the A-propionate of heme a 3 , and the fact that this electrometric phase is largely abolished in the E278Q variant (15) supports the view that E278 is the proton donor. The proton acceptor cannot be the BNC for two reasons: The electrometric amplitude is too large (Fig. 5) , and transfer of a proton to the BNC would produce state F, the formation of which is delayed in these variants.
The rate constants for the A → P and P → F transitions are so close to one another in the wild-type enzyme and in the D124N variant that it is impossible to kinetically separate electrogenic events reflecting them, but using the information obtained from the D124N/Y35F and N131V mutants (above) we may assume that the A → P transition is always coupled to translocation of The difference between the corresponding spectra in C (D124N-minus-N131V-blue spectrum, and D124N-minus-D124N-Y35F-red). Conditions: borate buffer (pH 9, 100 mM boric acid þ100 mM potassium sulfate), 100 mM glucose, 260 μg∕ml catalase, 670 μg∕ml glucose oxidase, 10 mM hexaammineruthenium (III), 3.3 mM ascorbate-K þ , 100% CO. The reaction was started by a laser flash at 3 s from the beginning of injection of 100 μl of oxygen-saturated buffer. Spectra are normalized to CcO concentration 0.5 mM. one charge (H þ ) across 0.41d. On this basis, we fixed this value in the fitting procedure to get separate amplitude for the subsequent P → F transition in the wild-type and D124N enzymes. Taking into account the number of charges translocated during the oxidative half-cycle and relative amplitudes of potential generation during separate steps in this reaction we can estimate the relative distances of charge translocation in each of these steps (Table 2) . Table 2 shows that formation of the F state from P in the D124N mutant enzyme is coupled to translocation of one charge across 0.26d. The optical measurements show that out of this value 0.1d is due to electron transfer from Cu A to heme a (30% oxidation of Cu A across 0.32d, the distance between Cu A and heme a; Fig. 5 ), which did not occur in the D124N/Y35F and N131V variants on this time scale. The remaining 0.16d must then be due to proton translocation within the protein, connected to formation of the F state, which was not formed in this time domain in D124N/Y35F and N131V. Indeed, the chemistry of formation of state F from state P R requires uptake of a proton (1, 4, 8, 12 ). Kinetic infrared measurements using the D124N mutant (13) showed that E278 at the end of the D-pathway becomes deprotonated in the F state. However, as discussed above, E278 has already donated its proton to the PLS during formation of P R , and the D124N block effectively hinders proton uptake from the aqueous N-phase on this time scale. The data therefore suggests that the D-channel may have another deprotonatable residue that donates its proton to the BNC to form the F state in the D124N variant and that lies between D124 and E278.
Inspection of the crystal structure suggests that Y35 in the middle of the D-channel could be such an additional proton donor. Several findings support this notion. Mutation of this tyrosine to phenylalanine in addition to the D124N mutation abolishes or drastically slows down formation of the F state (Fig. 2C) . As a result, the amplitude of the corresponding phase of potential generation decreases by almost a factor of two (Fig. 3) . The kinetic infrared measurements provide further support. In the double-difference spectrum (Fig. 4 B) the band at 1;278 cm −1 and the shift 1;514∕1;496 cm −1 are characteristic of a deprotonated tyrosine. This spectrum eventually represents a difference between the R → P (D124N/Y35F and N131Vmutants) and R → F (D124N) transitions, which would be equivalent to a kinetic spectrum of the P → F transition. However, this difference spectrum is further offset by the difference connected with the introduced mutations. For example, it is dominated by the deprototation of Y35 upon formation of the F state in the D124N variant, which is absent in D124N/Y35F where Y35 is replaced by a phenylalanine. In the F → O transitions these changes are reciprocal, which means that deprotonated tyrosine appears in F and disappears in O in the D124N variant but not in D124N/Y35F nor in the N131V mutant. Y35 is therefore a good candidate for this tyrosine because it is absent in the double mutant. In the N131V variant, N131 next to Y35 has been mutated to valine, which is likely to have caused a significant pK a increase in Y35 that prevents its deprotonation. Proton transfer from Y35 to the BNC occurs across 0.39d (Fig. 5) , and the F state is formed to an extent of 46% in the D124N variant relative to wild type (Table S1 ). Consequently, we expect electrometric amplitude of 0.18d, which agrees very well with the remaining 0.16d required to explain the formation of the F state in this mutant.
Blockage of the D-channel creates unusual energetics of the intermediates in the catalytic cycle. The midpoint redox potentials of the A to P and P to F transitions are rather high in the wild-type enzyme (27) , which results in a high driving force for electron transfer from the donor to the BNC and makes these transitions irreversible. A block in the D-channel at the level of Y35 stops the reaction after formation of the P intermediate; in the absence of a proton, the midpoint potential of the P to F transition is now lower than the potential of cytochrome c. However, already the P state is here energetically quite different from that of the wild-type enzyme because it is missing the proton on E278 and thus has uncompensated negative charge. We may abbreviate this as P − . By contrast, in the D124N variant the equilibrium position is different. Now the proton on Y35 allows the reaction to proceed up to the F state, which is nevertheless formed only in about 50% of the enzyme. This F state is also quite different from the case in the wild-type enzyme. The proton-loading site is occupied and the proton required for the formation of F has been recruited; consequently, both residues E278 and Y35 are anionic. In general, we can say that this F state has extra negative charge (F − ; see also ref 28) , which makes the P to F transition so low in redox potential. The fast formation of the F state in the D124N variant where E278 has lost its proton completely (13) , and where Y35 is about 50% deprotonated (Fig. 4) , shows that the functional pK a of Y35 is higher than that of E278. This may not be unexpected considering that tyrosine has a much higher pK a than glutamic acid in aqueous solution.
We conclude that, quite unexpectedly, the D-pathway of proton transfer in CcO contains an additional deprotonatable residue between the aspartate at the entrance (D124) and the glutamic acid at the end (E278). As revealed in this work, Y35 in the middle of the pathway can donate a proton, although net deprotonation of this residue, or of E278, is not observed in the wild-type enzyme because they are quickly reprotonated from the aqueous N-side. This observation adds an important property to the D-pathway, which has the dual function of transferring protons both for pumping and for consumption at the binuclear site. The current data support the prediction (29) that proton pumping is initiated by proton transfer to the proton pump site prior to transfer of a second proton to complete the chemistry at the binuclear site (see also refs. 15, 25) .
Materials and Methods
Site-Directed Mutagenesis and Enzyme Preparation. Site-directed mutagenesis, bacterial growth conditions, and purification of mutant of cytochrome aa 3 from P. denitrificans were as described in ref. 30 . The Y35F/D124N mutant with a C-terminal His-tag in subunit I was prepared using a combination of methods described earlier (20, 30, 31) .
Visible Spectroscopy. The CO bound reduced form of soluble CcO was mixed with oxygen-saturated buffer, after which CO was photodissociated by a laser flash to initiate the oxygen reaction. The fast phases of the reaction were recorded by a CCD-based instrument (32) with a time-resolution of 1 μs per spectrum. The slower reaction on a time scale from hundreds of microseconds to seconds was measured with an in-house-built spectrophotometer based on Sprint spL 2,048-140 km (Basler vision technologies) linear scan camera. Data surfaces from these two setups were combined to a single surface (wavelength-time-absorbance) containing the absorbance changes developed after the laser flash.
Electrometry. Charge transfer across the membrane was monitored by an electrometric technique (33) as adapted for time-resolved experiments with CcO (19, 34) . The enzyme was reconstituted into liposomes as described in ref. 35 , and the oxygen reaction was initiated by a laser flash immediately after addition of oxygen. The electrometric response was measured with nanosecond time resolution. The calculation of the distances of charge translocation was performed with the assumption of a roughly uniform dielectric in the protein. This assumption is well corroborated by the electrometric experiments on the photosynthetic reaction centers, where the distances of charge transfer are well defined (36, 37) .
FTIR Spectroscopy. All three studied mutant forms of CcO, namely D124N, N131V, and D124N/Y35F, are characterized by blockage of the proton conducting D-channel, which results in deceleration of the conversion of part of the catalytic cycle to hundreds of milliseconds. This allows resolve the infrared spectra of the fast and slow intermediates by FTIR flow-flash approach with a few tens of millisecond resolution that was first described in (13) . The sample of CcO for FTIR measurements was depleted of detergent and placed on attenuated total reflectance (ATR) prism (38) . Then, the sample was reduced and inhibited with CO as detected by the appearance of the CO-heme a 3 and CO-Cu B adducts (13) . The oxygen reaction was followed by rapid-scan FTIR approach with approximately 46 ms time resolution after addition of oxygen and a laser (or flash lamp) pulse as described in detail in (13) . Altogether, 296 kinetic FTIR surfaces were recorded for D124N CcO, 218 for N131V, and 79 for the double mutant D124N-Y35F at pH 9.
Data Analysis. All data treatment and presentation was done using Matlab software.
